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1 Project Overview

1.1 Objectives, Need and Significance

The research proposed here takes a major step
in advancing our capability to numerically model
and analyze the effects of ionospheric outflows
on the global geospace environment, in particu-
lar the effects of outflows on the stormtime in-
teraction between the magnetosphere and iono-
sphere. The proposed advances will also apply to
the moderately disturbed and relatively quiescent
coupled system.

The research investigation will address three
primary science questions: How do stormtime
ionospheric outflows influence: 1) the convec-
tive transport of ionospheric plasma? 2) the dis-
tribution and intensity of field-aligned currents at
the ionosphere? and 3) the conductivity of the
ionosphere and Joule dissipation? We also an-
ticipate new and potentially interesting results on
the solar-wind regulation of outflows and on the
influences of heavy ion outflows on magnetotail
dynamics and its impacts on high-latitude iono-
spheric electrodynamics.

Magnetosphere-ionosphere coupling entails
the transport of electromagnetic power and mass
between the ionosphere-thermosphere and the
magnetosphere. The electrodynamic response of
the system to changes in solar wind forcing gives
rise to changes in convection, in the flow of elec-
trical currents within and between the two re-
gions, and in the dissipation of electromagnetic
power, especially in the ionosphere. The inertial
interaction involves redistribution of mass and
momentum throughout the coupled system and
determines, for given solar-wind conditions, the
state of convection and current flow. We now
recognize that the electrodynamic response is
strongly influenced by the inertial response and
vice versa, especially for strong solar wind forc-
ing, and that an adequate treatment of the cou-
pling requires a unified approach to modeling.

Stormtime enhancements in the solar-wind
electric field are observed to cause 1) deep pene-
tration of the enhanced electric field into the
magnetosphere-ionosphere system, which accel-
erates dense midlatitude plasma of the dayside
and entrains it in the high-latitude convection,
with the result that 2) substantially elevated par-
cels of F-region plasma enter the cusp, polar cap,
and nightside auroral regions (Foster et al.,
2005). Collisionless plasma acceleration in these
regions, fed by enhanced electromagnetic power
flows from the solar wind dynamo, diverts large

fluxes of convecting ionospheric mass into mag-
netic field-aligned outflows (Moore et al., 1999;
Strangeway et al., 2005). Upon reaching the
magnetotail, these outflows augment the solar
wind population in the plasma sheet. As the en-
ergized ionospheric ions join the internal circula-
tion of the plasma sheet come ring current, they
are believed to be responsible, in part, for the
greatly enhanced stormtime ring current (Daglis
et al., 2003). Numerical studies also suggest that
the throttled stormtime outflow of heavy ions
eventually chokes the storm-enhanced convec-
tion by mass loading the magnetosphere (Wing-
lee et al., 2002).

The magnetosphere-ionosphere feedback pro-
cesses manifest in the intensification of the ring
current and saturation of polar convection, both
attributed to enhanced concentrations of O in
the magnetosphere, have yet to be verified ob-
servationally or in a fully self-consistent simula-
tion. The second of these processes, namely the
effects of heavy-ion outflows on the stormtime
electrodynamics of the magnetosphere-iono-
sphere system, is the primary focus of this pro-

ject.

Although the modeling studies proposed here
do not explicitly address space weather phenom-
ena such as stormtime enhancements in penetrat-
ing radiation, thermospheric expansion and satel-
lite drag, scintillations of trans-ionospheric radio
signals, or generation of ground-induced currents
in electrical transmission systems, the proposed
improvements in modeling are absolutely critical
elements in the physics-based modeling ap-
proach to numerical space-weather forecasting
of these phenomena. The processes of magneto-
sphere-ionosphere coupling in effect embody the
“communication and transportation networks”
that enable the “globalization” of geospace dur-
ing storms.

1.2 Technical Approach and Methodology
To address our primary science issues, we
will utilize the Coupled Magnetosphere-lono-
sphere-Thermosphere (CMIT) model developed
by the Center for Integrated Space Weather
Modeling (CISM). As currently implemented,
the CMIT model electrodynamically couples the
one-fluid version of the Lyon-Fedder-Mobarry
(LFM) global magnetospheric model (Lyon et
al.,, 2004) to the NCAR Thermospheric-Iono-
spheric Nested Grid (TING) model. This cou-
pling provides a causal specification of precipita-
tion and convection from LFM for driving TING
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(Wang et al., 2004); in return TING provides a
more accurate specification of the ionospheric
conductivity for use in closing the field-aligned
current at the LFM ionospheric boundary (Wilt-
berger et al., 2004). The CMIT model will be ex-
tended here to encompass a recently imple-
mented multifluid version of the LFM code and
model sources of ionospheric outflow.

The multifluid extension of the one-fluid
LFM model treats the dynamics of three ion spe-
cies — ionospheric O" and ionospheric and solar
wind protons — and neutralizing electrons. The
multifluid formulation is based on a drift-MHD
approach (Kulsrud, 1983) in which all ion spe-
cies move at the ExB velocity in the perpendicu-
lar direction with the parallel motion of each
species evolving via its parallel momentum
equation, constrained by quasineutrality.

Extensions to the ionospheric boundary con-
ditions of the LFM model have already been im-
plemented to simulate outflows causally driven
by EM power flows from the magnetosphere
(Gagne, 2005). These boundary conditions will
be further advanced under the proposed project.
This novel treatment of auroral- and cusp-region
outflows makes use of the Strangeway et al.
(2005) empirical formula derived from FAST
satellite data; the formula relates the outflowing
O" number flux to the downgoing Poynting flux.
Such empirical relations are very much a work in
progress (cf. Zheng et al., 2005), and their use in
the context of global modeling would benefit
from further developments based on a much lar-
ger data sample and statistical analysis. Such an
investigation would nicely complement our pro-
posed research.

Further extensions of LFM’s ionospheric
boundary conditions will be implemented in or-
der to model polar wind outflows in a manner
similar to that described by Winglee et al.
(2002). In this approach, a pressure differential
between the ionospheric boundary and the free
fluids in the dynamically varying magneto-
spheric domain causes outflow or inflow.

The major technical challenge and innovation
envisioned for this project involves using the
TING component of CMIT to dynamically regu-
late the outflowing ion fluxes (auroral-polar cap
boundary region, cusp-region and polar wind) at
LFM’s low-altitude boundary. TING is a general
circulation model and, as currently implemented,
does not include inertially forced field-aligned
motion leading to transonic flows. But it can be
used to specify where ionospheric upwelling and

convective surges modulate otherwise empiri-
cally determined (e.g. Strangeway et al.) or pres-
sure-driven, field-aligned flows at LFM’s low-
altitude boundary. Further details of our meth-
odology are described in Sec. 3 - 4.

1.3 Scientific Impact

The collisionless physics of magnetosphere-
ionosphere coupling is a major problem in geo-
space science — more generally, in the physics of
planetary magnetospheres. In addition to the
CISM-CMIT project, several other independent
efforts are underway to develop and/or advance
either a single, continuous simulation model for
the geospace medium from the ionosphere up
(MRC-ISM) or a hybrid simulation model that
couples a global magnetospheric model to a
large-scale  thermosphere-ionosphere  model
(CSEM-BATSRUS, UNH-OPEN/GGCM, and
NRL-LFM/SAMI3). However, without includ-
ing the consequences of collisionless ion energi-
zation in regions of intense, earthward-directed
Alfvénic Poynting fluxes, none of these models,
including CMIT, will be able to causally inject
the massive ionospheric outflows that occur dur-
ing major episodic events such as geospace
storms and substorms. Without a causal model
for ionospheric outflows, accurate prediction of
the state of the high-latitude ionosphere and
thermosphere is significantly diminished.

The problem is even more profound for the
magnetosphere. It is well known that the high-
latitude ionosphere is a persistent source of out-
flowing plasma and essentially the only source
of O in the magnetosphere (Yau and André,
1987; Chappell et al., 2000). But are there impli-
cations of populating the magnetosphere with
ionospheric O" that result in fundamentally dif-
ferent system dynamics? Is magnetospheric
structure sensitive to the relative rates of supply
and distribution of plasma from the solar wind
and the ionosphere, or to the mass composition
of the magnetosphere? Observation has revealed
that the ionosphere does release enormous fluxes
of O" during active periods, and it is known that
ionospheric O" can dominate the plasma sheet
(Peterson et al., 1981; Kistler et al., 2005) and
ring current (Lennartsson and Sharp, 1982; Nosé
et al., 2005) during such periods. However, a re-
view of the extensive literature on mass compo-
sition (Lotko, 2006) reveals few insights into the
global consequences of populating the magneto-
sphere with an admixture of solar wind and iono-
spheric plasmas.
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New insights into the electrodynamic cou-
pling between the solar wind, magnetosphere
and ionosphere have emerged from investiga-
tions of the integrated system during storm in-
tervals (Ober et al., 2003; Siscoe et al., 2004).
Therefore by focusing efforts on the effects of
ionospheric outflows on magnetosphere-iono-
sphere coupling during periods of strong solar
wind forcing, we might also expect to improve
our understanding of inertial coupling and feed-
back in the solar wind — magnetosphere — iono-
sphere system.

1.4 Relevance to NASA Programs

The proposed project specifically addresses
the primary goal of LWS TR&T Focused Sci-
ence Topic b) Effects of Ionospheric-Magneto-
spheric Plasma Redistribution on Storms, which
aims “to establish how the magnetospheric up-
take of ionospheric plasma during storms
changes as a result of plasma restructuring, and
how this uptake influences the dynamics and
coupling of the magnetosphere and ionosphere.”
A detailed research plan to address these issues
is described in subsequent sections.

The project is also well-aligned with NASA’s
2006 Strategic Plan, in particular, Sub-goal 3B:
Understand the Sun and its effects on Earth and
the solar system, for which a primary objective
is to understand and predict the causes of space
weather by studying the Sun, the heliosphere,
and planetary environments as a single, con-
nected system. Although the proposed research
does not encompass the physics of the sun or the
interplanetary medium, it does significantly ad-
vance the state-of-the-art in treating the magne-
tosphere-ionosphere-thermosphere as a single in-
teracting system including both electrodynamic
and inertial coupling.

The current Roadmap for Heliophysics Sci-
ence and Technology 2005-2035 recognizes that
“the exchange of mass and energy [that couple
the inner and outer regimes of geospace] during
both quiescent conditions and disturbed times
must be understood before predictive capabili-
ties, or strategies to mitigate adverse space
weather effects, can be developed.” This project
directly addresses the need to understand and to
develop improved modeling capabilities for the
exchange of mass between the inner and outer
regions of geospace. This particular aspect of
global modeling heretofore has significantly
lagged the modeling of electrodynamic energy
exchange and coupling.

Because the mass composition of the magne-
tosphere is a primary observational diagnostic of
many geospace satellite missions, it is impera-
tive that we develop modeling capabilities to fa-
cilitate the interpretation of such measurements,
particularly when combined with conjunctive
observations from other regions of geospace. In
this regard, the proposed research will directly
support existing NASA missions such Cluster,
Polar, and FAST, which include mass composi-
tion measurements. It also anticipates the science
goals of future missions such as THEMIS,
TWINS, MMS, Radiation Belt and I-T Storm
Probes, and Global Electrodynamic Connections
and will provide an important touchstone for the
science derived from them.

2 Science Issues

2.1 lonospheric Convective Transport
Storm-enhanced transport of dayside iono-
spheric plasma from mid- to high-latitudes is a
consequence of at least two coincident condi-
tions: 1) an inflated mid-latitude F region caused
by the penetration of stormtime electric fields at
low latitudes (Kelley et al., 2004); and 2) en-
hanced convection and entrainment of the mid-
latitude dayside ionosphere in the polar circula-
tion pattern (Foster et al., 2004). These condi-
tions produce a plasma convective surge that
flows toward the dayside convection throat from
mid-latitudes. The phenomenon may be observa-
tionally visualized by projecting “instantaneous”
maps of total electron content (TEC) derived
from ground GPS receivers onto a ‘“‘simultane-
ous” snapshot of the global convection pattern
inferred from SuperDARN measurements (Fos-
ter et al., 2005). The TEC “snapshot” of a surge,
or “tongue of ionization” (Sato, 1959; Sojka et
al., 1993), shown in Fig. 1 was taken about 2
hours after its leading edge first entered the day-
side cusp, nominally located at 70-75° latitude. It
carries 10%° ions/s from the mid-latitude iono-
sphere into the convection throat (Foster et al.,
2004).

The TEC values are seen to be largest in the
mid-latitude dayside region and progressively
decrease, with some variability, along the con-
vective path as the plasma moves across the po-
lar cap from dayside to nightside. The weak an-
tisunward gradient in TEC over the polar cap
may arise from the divergence of streamlines
evident in Fig. 1. Plasma diffusion enhanced by
gradient-drift instabilities (e.g., Sojka et al.,
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1998a) may also play a role, although the fast
storm-enhanced convection appears to maintain
the integrity of the large-scale surge as it trav-
erses the polar cap.

The topside plasma density decreases in and
poleward of the cusp where the convecting F-
region plasma is diverted into field-aligned out-
flows, to be modeled as described in Sec. 3. Note
that these outflows continue to contribute to the
TEC until they reach several Rg altitude, at
which point they are above the line of sight of
the GPS satellites used to infer TEC. Thus the
reduction in the topside density is not as evident
in TEC maps as in incoherent scatter radar data
(Foster et al., 2005).

Time-sequenced TEC-convection maps like
the snapshot shown in Fig. 1 have made it abun-
dantly clear that the global pattern of ionospheric
plasma transport is strongly modulated during
storms. Observations (Moore et al., 1999) and
models (Sojka et al., 1998b) have also verified
that polar outflows are strongly modulated dur-
ing storms. However, we have little reliable
knowledge regarding the impacts of these out-
flows on the magnetosphere and their implica-
tions for magnetosphere-ionosphere system dy-
namics when the magnetosphere is loaded with
ionospheric plasma, particularly heavy ions. A

1945 UT

20 Nov 2003

Fig. 1. TEC map of a storm-induced tongue of
ionization about 3 hours after the convective surge
began transporting enhanced F-region plasma
poleward from the midlatitude dayside (Foster et
al., 2005).

compelling need exists to improve our capabili-
ties to diagnose and analyze these impacts.

2.2 Magnetospheric Impacts of Outflows

Ionospheric outflows contribute mass, mo-
mentum and energy to the magnetosphere. Inside
the lobes, during disturbed times, ionospheric O*
ions appear as quasi-field-aligned, nearly mono-
energetic beams, propagating antisunward from
the ionosphere (Sharp et al., 1981; Seki et al.,
1998; Sauvaud et al., 2004). High-time resolu-
tion measurements from the Cluster satellites
have shown that H*, He*, and O" ions are in-
jected into the tail during substorms from the
nightside ionosphere, with a single injection ac-
counting for over 80% of the oxygen population
of the midtail plasmasheet during storms (Sau-
vaud et al., 2004). Oxygen can dominate the en-
ergy density of the ring current during storms
(Nosé et al., 2005) and both the local number
and energy densities of the plasmasheet during
stormtime substorms when the outflow rate is
high and convection is strongly enhanced (Ki-
stler et al., 2005). The outflow rate of super-
thermal ions increases monotonically with in-
creasing solar-wind power, especially strongly
for O*, with some indications that solar-wind ki-
netic power (V2psVew') may be more essential
than EM power (uO'IESWxBSW- x) for mass extrac-
tion (Lennartsson et al., 2004).

An early review of models and observations
by Daglis and Axford (1996) suggested that an
O*-rich plasmasheet influences the onset of sub-
storm expansion and its tailward location by
modifying the stability properties of the plas-
masheet, while an O*-rich ring current supports
larger amplitude storms, with the rapid initial re-
covery characteristic of great storms attributed to
the rapid loss of O" ions via charge exchange in
the inner ring current. However, a more recent
examination (Peterson, 2002) of data and models
was unable to validate the hypothesis that higher
abundances of O" in the plasmasheet initiate
plasma instabilities leading to substorm onset.
For some storms, flow-out loss of the partial ring
current to the magnetopause, combined with
compositional changes of the plasmasheet
source, may account for a substantial part of the
initial fast decay of a two-stage recovery
(Liemohn et al., 2001). If the increase in the ra-
tio of O'/H" energy density of the ring current
with increasing Dst (Nosé et al., 2005) is a con-
sequence of storm-enhanced O outflows first
populating the plasmasheet and inner magneto-
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sphere, and eventually the ring current, then the
causality for storms is not entirely clear either:
Does an O*-rich ring current make big storms or
do big storms make the ring current O*-rich?

An HY/0" admixture in the magnetotail not
only has the potential to modify stability proper-
ties, but also the rate and distribution of recon-
nection. Shay and Swisdak (2004) find that the
reconnection rate in a 2D, three-species fluid
simulation is about 2/3 the rate in a two-fluid
plasma. Given the simulation condition, mgng
>> myny, which is satisfied during the storm-
substorms reported by Kistler et al. (2005), they
speculate that the expansion phase of substorms
may take longer and will reconnect less lobe
magnetic flux in the same amount of time. An
immediate implication is an increased demand
for episodic unloading of magnetotail flux cul-
minating in substorms of increasing intensity.
The slower reconnection rate of an O¥-rich
plasmasheet cannot quasi-statically balance day-
side reconnection for steady upstream condi-
tions. This imbalance must be exacerbated with
each subsequent substorm, which adds more O*
to the magnetotail.

The delivery of interplanetary magnetic flux
to the dayside must therefore be dynamically
curtailed via some form of feedback that signals
the magnetotail’s inability to reconnect lobe flux
fast enough. Thus far we have no evidence that
the dayside abundance of O" approaches that of
the plasmasheet, so the addition of heavy ions to
the dayside may be insufficient to limit the day-
side reconnection efficiency, at least via a proc-
ess similar to that in the Shay-Swisdak simula-
tions. The maximum stormtime O* density near
the dayside magnetopause (Bouhram et al.,
2005) is evidently about V4 that of plasmasheet
(Kistler et al., 2005).

2.3 Electrodynamic and Inertial Coupling
Global MHD simulations provide some in-
sights into the response of the MI system to this
crisis. The force exerted on the magnetosheath
flow in its interaction with the dayside region 1
currents is normally weak in comparison with
the Chapman-Ferraro currents. However, for the
large solar-wind electric fields accompanying
storms, unusually intense currents are induced
by storm-enhanced convection. The global simu-
lations suggest that the magnetic field produced
by these currents deflects a portion of the up-
stream flow and frozen-in magnetic flux before
it reaches the magnetopause (Merkine et al.,

2003; Siscoe et al., 2004). This purely electrody-
namic effect may be further enhanced by the di-
version of an O-inflated ring current into re-
gion-2 currents, most of which must be closed
through the ionosphere by the dayside region-1
currents. One manifestation of this effect is a
nonlinear saturation of the transpolar potential
(Russell et al., 2001; Hairston et al., 2005).

Winglee et al. (2002) assert that the transpo-
lar potential is also influenced by the presence of
heavy ions in the magnetosphere. In a series of
multifluid global simulations of the 24-25 Sep-
tember 1998 magnetic cloud event, they found
that the simulated potential more closely
matched that calculated from the AMIE data as-
similation model when the ion fluence at their
inner boundary was chosen to match the statisti-
cal rate reported by Yau and André (1997), with
a 50/50 O*/H* abundance at the boundary. For
lower outflow rates, or outflow without oxygen,
the simulated transpolar potential was found to
be unrealistically large. The power dissipated by
the accelerated O* outflow was also found to be
substantial in the simulations, on the order of
100 GW, for sustained southward IMF.

Winglee et al. assert that this effect is a con-
sequence of inertial loading of convection by the
storm-throttled polar outflow, which eventually
chokes the convection, thereby saturating the
transpolar potential. What is not clear in this pic-
ture is how the dynamics of convection and cen-
trifugal acceleration of ions in the lobes (Cladis,
1986) modify the lobe pressure which must
regulate the thermal outflow and, therefore, the
mass addition at the low-altitude boundary.

The electrodynamic effects described by Sis-
coe et al. (2004) modify the external flow and
reduce the magnetic flux delivered to the day-
side, in contrast with the inertial effects de-
scribed by Winglee et al. which seem to act en-
tirely internally. It is difficult to compare and as-
sess the relative contributions of electrodynamic
and inertial feedback in the two approaches. In
one set of models (one-fluid MHD), the iono-
spheric electrodynamics are a major factor in
regulating the solar wind-magnetosphere cou-
pling, with the solar-wind dynamo supplying
~100 GW to ionospheric Joule dissipation; how-
ever, the inertial loading associated with iono-
spheric outflow is completely absent in these
models. In the multifluid model of Winglee et
al., the ionospheric electrodynamics are passive
while ionospheric outflow and centrifugal accel-
eration of O" over the polar cap draw ~100 GW
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from the solar wind dynamo. A composite model
that includes realistic electrodynamic and mul-
tispecies inertial coupling between the magneto-
sphere and ionosphere is clearly needed to re-
solve these issues. Our aim is to develop such a
composite model, which will allow us to answer
the primary science questions motivating the in-
vestigation (Sec. 1.1).

3 Modeling Outflows in MI Coupling

The character of high-latitude outflows, and
the acceleration that enables ionospheric ions to
overcome gravity, varies along the ionospheric
convection path. Although the theory of these
acceleration processes is incompletely under-
stood, we can make use of recent observational
results to model causal effects. The dayside cusp
and the nightside auroral-polar cap boundary re-
gions corresponding, respectively, to the low-
altitude projections of dayside and nightside re-
connection activity exhibit intense Alfvén-wave
turbulence, ion transverse heating and upward
field-aligned ion flows. These outflows feed the
high-altitude cusp/cleft region (Lockwood et al.,
1985; Bouhram et al., 2004) and the plasmasheet
(Tung et al., 2001), respectively. In the main
auroral zone, one finds upward ions energized by
parallel electric fields associated with inverted-V
precipitation regions and upward field-aligned
currents, and outflowing conic distributions en-
ergized in downward current “pressure cookers”
(Gorney et al., 1985; Lynch et al., 2002). These
latter sources also feed the plasmasheet. At
higher latitudes, a thermal polar wind expands
into the low-pressure lobe/mantle from the polar
cap (Banks and Holzer, 1968).

The plasma of the corotating plasmasphere
presents a special problem and cannot be realis-
tically treated in the context of the large-scale
modeling approach to be employed here. This
shortcoming is a feature of the current state-of-
the-art in global modeling and is present in all
existing global models encompassing the magne-
tosphere. Several separately funded and inde-
pendent initiatives are underway by various
groups to remedy this problem. We will be op-
portunistic in making use of such model im-
provements as they become available, as well as
in any other areas where model and code innova-
tions have the capacity to advance project goals.

The quiet-time and active polar wind is al-
ways a significant source of outflowing thermal
plasma (Chappell et al., 2000), and outflows

from the cusp and auroral/boundary polar-cap
regions are especially important during storms.
We first describe our approach to modeling su-
perthermal ion energization and outflow in the
latter regions (3.1), followed by a description of
how we will model polar-wind outflows (3.2).
By most estimates, these outflows produce the
bulk of O that reaches the magnetosphere dur-
ing active periods (e.g., Yau and André, 1987).

3.1 Cusp- and Auroral-Region Outflows

The production of intense fluxes of outflow-
ing superthermal ions requires two principal in-
gredients: 1) a high-density topside source
plasma, which may be produced in several dif-
ferent ways as described below; and 2) a source
of electromagnetic power cascading to the ex-
treme low-frequency regime where efficient
wave-ion energy transfer occurs (Lund et al.,
2000). These two quantities will be derived from
the CMIT model. The state of the ionospheric
source plasma will be derived from the TING
component of CMIT while the electromagnetic
power flowing into ionospheric source regions
from magnetospheric dynamos will be derived
from its LFM component.

The altitude of production of intense outflows
is not known precisely and may vary with the
particular wave-particle interactions involved.
Most of the microscopic wave-particle interac-
tions that produce transversely accelerated ions
break the first adiabatic invariant. Because the
ion gyroradius and gyroperiod increase with alti-
tude, the mechanisms that produce transverse ion
acceleration prefer relatively high altitudes.
However, if the altitude of the energization re-
gion is too high, few ions will be energized be-
cause the density of the ionospheric source
plasma decreases with altitude and will be rela-
tively low. Variations in wave propagation char-
acteristics with ambient properties also compli-
cate an assessment of the optimum altitude for
energization (Johnson and Cheng, 2004). After
attaining sufficient perpendicular energy, the
transversely accelerated ions are propelled up-
ward by the mirror force and escape into the
magnetosphere with motion becoming increas-
ingly field-aligned. In any event, the bulk of the
ion acceleration leading to outflow occurs above
TING’s upper boundary and below LFM’s lower
boundary, so we will employ a lumped systems
approach in specifying the outflow flux.

The causal relationships between electromag-
netic power flowing into a low-altitude energiza-
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Fig. 2. Causal relationships between magneto-
spheric inputs and F-region upwelling (adapted
from Strangeway et al., 2005).

tion region and the properties of the superther-
mal ion fluxes flowing upward from it are an ac-
tive area of investigation. A comparison between
empirical studies based on FAST (Strangeway et
al., 2005) and Polar (Zheng et al., 2005) satellite
data suggest that such relationships may be quite
complicated, with hidden or untested variables
modifying the relation for different ambient con-
ditions. The transport law undoubtedly depends
on both the frequency and wavenumber spectra
of the power source and the initial density, strati-
fication, composition and energy of the source
plasma. Both DC and time-variable electromag-
netic power flows are relevant, but the associated
pathways to ion energization can be very differ-
ent.

Fig. 2 illustrates the interrelationships be-
tween various processes leading to ion outflow
(Strangeway et al., 2005). The pathways to up-
welling and eventually to outflow include: ® an
upward ambipolar electric field in regions of en-
hanced soft (~100 eV) electron precipitation,
e.g., in the cusp and nightside auroral/boundary
polar-cap regions. Soft electron precipitation de-
posits energy in the F region, increases the up-
ward electron pressure gradient there, and,
through the ambipolar field, forces the F-region
ions upward, causing upwelling; @ ion frictional
heating in the E and lower F layers due to en-
hanced convection, which increases the bottom-
side ion pressure, forcing ions upward, thereby

causing upwelling. Modeling studies (Liu et al.,
1995) indicate that soft electron precipitation is
usually more effective in producing upwelling
than Joule heating. The stormtime TEC-
convection maps developed by Foster et al.
(2005) suggest an important third way of swell-
ing the topside ion density in the cusp energiza-
tion region during storm periods, also in the
nightside auroral/boundary polar-cap region (Se-
meter et al., 2003): ® convection of a parcel of
inflated topside ionosphere into an energization
region from the midlatitude dayside ionosphere
or, in the case of a nightside energization region,
from the polar cap.

All three of the above processes leading to
upwelling are included in the CMIT model. LFM
provides TING with a proxy for the precipitating
electron number flux (pathway @) and the elec-
tric field that determines both the ionospheric
Joule dissipation rate (pathway @) and convec-
tive plasma transport (pathway @). These quan-
tities are then used by TING to adjust the ioniza-
tion state of the ionosphere and its stratification.

While the low-altitude cusp and cleft regions
are evidently the most persistent sources of
magnetospheric O, accounting for about 1/3 of
the total O" outflow during quiet times at solar
minimum (Peterson et al., 2005), the nightside
auroral-polar cap boundary region produces the
most energetic and largest peak fluxes of O out-
flows during active periods (Tung et al., 2001).
The electromagnetic power flows that energize
ions in the topside ionosphere and low-altitude
magnetospheric regions immediately equator-
ward of the polar cap boundary are generated in
magnetotail dynamos, in contrast with low-
altitude cusp energization which is electrody-
namically connected to dayside and magneto-
pause boundary layer dynamos.

Despite the different dynamo sources, the
low-altitude energization processes themselves
are quite similar (André et al., 1998; Chaston et
al., 2004; 2005). We will use a single transport
model to specify the outflow rate resulting from
such processes regardless of their location, e.g.,
in the auroral, cusp, or polar cap regions. The
model will be based on empirical relations simi-
lar to the one shown in Fig. 3, wherein the ion
outflow flux in ions/cm’s is given by F; =
2.14><107S||1'265 with Poynting flux §j in mW/m®,
Lumped transport models of this form are well-
suited to specifying the ion fluxes through the
lower boundary of the LFM simulation model
given the numerically computer Poynting flux at
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Fig. 3. Correlation of outflowing ion flux (domi-
nantly O") with downgoing Poynting flux from
FAST data (Strangeway et al., 2005).

the boundary. We will experiment with different
forms of this relationship for H* and OY, using
observational constraints as proposed by
Strangeway et al. (2005), Zheng et al. (2005),
and others as they become available, to explore
their impacts on the outflowing ion flux.

The schematic in Fig. 2 indicates that both
EM power flow to low altitudes and an elevated
or upwelled topside ionosphere are necessary for
the development of intense stormtime outflows.
One approach to modeling causally-driven out-
flows regulated by both the EM power supply
and an enhanced ionospheric source population
is illustrated in Fig. 4 from Gagne (2005). This
model uses the Strangeway et al. (2005) empiri-
cal formula to specify the outflowing ion flux
given the downflowing Poynting flux derived
from the LFM computation. However, before re-
leasing Strangeway’s outflowing ion flux
through the low-altitude LFM boundary, Gagne
multiplies the flux by a “mask” function, speci-
fied in his formulation as a simple top hat func-
tion derived from LFM’s proxy for the precipi-
tating electron number flux (the top hat function
is constant when the flux exceeds a critical value
and proportional to the flux when less than the
critical value). In using information about the
precipitating electron flux, Gagne is effectively
regulating the outflowing ion flux by convolving
it with information about the local state of ion
upwelling along the pathway @ described above.

A sample simulation result derived from
Gagne’s approach is shown in Fig. 5 for a case

of pure H* outflow in a controlled LFM simula-
tion with nominal conditions of Vgw = 400 km/s
and ngw = 5/cm’®. The IMF of magnitude 5 nT
progressed through 3 constant states over a 12
hour period, 3 hours each pointing northward,
then eastward, then southward. The outflow at
the boundary was turned-on when the IMF ro-
tated southward. The plot shows the H" outflow
flux at the inner simulation boundary at the end
of the 4-hour period of southward IMF. The
cusp-region outflow is evident. The relatively
weak nightside outflow is a consequence of the
fact that the magnetotail is not very active for the
chosen solar wind driver. The fairly intense out-
flows near dawn and dusk are an artifact of
Gagne’s algorithm (and perhaps Strangeway's
empirical formula) which tends to emphasize re-
gions where intense DC Poynting flux flows into
the ionosphere from the LFM domain. The in-
tense dawn and dusk outflows occur where i)
LFM’s proxy for precipitating electron flux is
appreciable (the influence of Gagne’s “mask”
function), and ii) the simulated region 1 and re-
gion 2 currents close via ionospheric Pedersen

Compute SI P
from LFM

-

-

Map s,
to FAST

Compute outflow flux
F.=214x10" S”‘-?"" +* MASK

~

Map outflow flux up

ff ModifyV, in LFM  ~
/ /
LFM BC FAST Alt.
~3R, 1.63R.

Fig. 4. Gagne’s algorithm ingests the mapped
Poynting flux at the LFM inner boundary into
Strangeway et al.’s empirical formula for O™ out-
flow flux, multiplies the result by a “masking func-
tion” derived from the LFM proxy for precipitating
electron number flux, and maps the resulting out-
flow flux upward to specify the boundary condi-
tion at LFM’s boundary. In our approach, Gagne’s
masking function will be replaced by a prognostic
function derived from TING’s calculation of the
topside ion density.
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currents, with the implied Joule dissipation being
fed by fairly intense Poynting fluxes from the
magnetosphere (Olsson et al., 2005).

We will replace Gagne’s masking function,
which is based purely on the electron precipitat-
ing flux, with a more sophisticated prognostic
function for the topside source density derived
from the TING component of the CMIT model.
TING’s physically richer and more realistic
ionospheric state reflects local changes in the
topside density attributed not only to electron
precipitation but also to dynamic ion Joule heat-
ing and convective transport of ionospheric par-
cels from nearby regions where the F-region
density may be different. As discussed in Sec.
4.2, TING has the capacity to generate a polar
tongue of ionization when driven by storm-
enhanced convection. This prognostic function
will be convolved with the empirically specified
function relating outflow flux to Poynting flux,
e.g., Strangeway et al. (2005). Use of a prognos-
tic function derived from the TING model to
represent the influence of a variable ionospheric
source population for the outflow should moder-
ate the non-causal artifacts resulting from
Gagne’s more primitive model.

3.2 Polar Outflows and Inflows
The stormtime polar wind exhibits consider-

10" H*/m?-s

-In1ulnnwl1.|[1n.
0 4 8

12

24

Fig. 5. Sample result for H outflow resulting from
Gagne’s algorithm for the low-altitude boundary
condition in the LFM model. The outermost circle
corresponds to 60° ILAT.

able structure in space and time (Schunk and So-
jka, 1997) and can be dominated by O* (Yau and
Andre, 1997), in contrast with the non-stormtime
polar wind which, statistically, is an H* polar
wind, at least near solar minimum. At solar
maximum an elevated topside density resulting
from enhanced solar EUV fluxes sustains larger
O" thermal outflows relative to the solar-
minimum average (Cannata and Gombosi, 1989;
Abe et al., 2004). The increase in O outflow
from solar minimum to maximum conditions is
much greater than the relative increase in H" out-
flow, thereby resulting in higher concentrations
of O in the polar wind at solar-maximum (Cully
et al., 2003). The processes responsible for pro-
ducing the polar wind are present at essentially
all latitudes, including those in and equatorward
of the auroral zone; however, the associated out-
flow is substantially modified from the “classic
polar wind” at nonpolar latitudes by wave-
particle interactions and outflow-limiting bound-
ary conditions.

Winglee et al.’s (2002) simulations of the
magnetosphere, including polar wind-like O*/H"
outflows and simple ionospheric electrodynam-
ics, are an important reference point for the pro-
ject proposed here, so we will review Winglee’s
treatment of the ionospheric boundary conditions
before describing our modeling approach to
pressure-driven outflows designed to simulate
some of the phenomenological features of polar
wind outflows as described above.

Ionospheric electrodynamics are simulated in
Winglee’s model by introducing a resistive term
in the generalized Ohm’s law. The resistivity is
constant on the inner simulation boundary and is
set to zero two grid cells above the low-altitude
simulation boundary located, e.g., at geocentric
distance of 2.5 Rg in Winglee (2004). Placement
of this resistive layer in the computational do-
main is designed to mimic E-region current clo-
sure. A finite tangential electric field is thus
permitted at the boundary, which serves as a
proxy in Winglee’s simulations for the high-
latitude potential distribution.

Winglee notes that his admittedly crude ap-
proximation for the ionosphere is ameliorated to
some extent by inertial-loading of convection by
heavy ion outflows. He asserts that these out-
flows tend to counteract dynamic increases in
the ionospheric conductivity, rendering the de-
tails of conductivity dynamics less important
when heavy ion outflows are present. His point
is well-taken that the response of the regionally
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coupled MI system also involves physical cou-
plings between electrodynamic and inertial ef-
fects. One of the primary objectives of this pro-
ject is to investigate this assertion in the context
of the physically more comprehensive iono-
spheric model of the standalone, multifluid LFM
model, as well as in the CMIT model with mul-
tifluid extension of its LFM component.

Depending on the particular physical applica-
tion and location on the inner boundary, Winglee
sets the boundary COI‘ldltIOIl on the plasma den-
sity there in the range of 10°-10° cm™. The com-
position at the inner simulation boundary (O'/H*
density ratio) is also fixed in time, with different
ratios heuristically specified. The ion pressure
(as well as density and temperature) are fixed in
time at the inner simulation boundary, with local
flux-tube equilibrium initially ensured by requir-
ing a constant pressure distribution along each
field line.

As with all global simulations of the magne-
tosphere, numerical constraints require the inner
simulation boundary to be placed well above the
altitude of significant gravitational pull on the
ions. Winglee artificially increases the mass of
the earth to mimic the gravity that O would or-
dinarily experience in the topside ionosphere.
The bulk of the O* at the inner boundary is
thereby gravitationally bound. H* and O* field-
aligned flows arise at the inner boundary (in or
out) when the species pressure in the dynamic
simulation domain varies relative to the species
pressure on the boundary.

Winglee’s results provide a useful touchstone
for our proposed studies, and, initially, we will
follow his boundary specifications fairly closely.
In this context, we will begin to investigate the
interplay between inertial MI coupling stimu-
lated by polar wind-like, pressure-driven out-
flows and the more faithfully representative
ionospheric electrodynamics of the CMIT and
standalone LFM models. Subsequently we will
incorporate pressure-driven outflows specified in
this way with empirically specified outflows rep-
resenting the collisionless auroral- and cusp-
region processes described in the previous sub-
section. At this juncture we will be in a position
to begin to evaluate the relative importance of
the two types of outflow processes on magneto-
sphere-ionosphere coupling.

Given information on the topside ionospheric
state available from the TING component of
CMIT, the idea of utilizing transonic polar wind
solutions extending through the gap region to

connect TING’s upper boundary condition to
LFM’s lower boundary condition seems within
reach. Quasi-equilibrium polar-wind solutions of
varying degrees of sophistication could be
spliced between the TING and LFM boundaries
to provide a more realistic connection between
the dynamic states of the ionosphere-thermo-
sphere and the magnetosphere. A simpler, heu-
ristic approach might simply use information
from TING’s ionospheric state to dynamically
regulate the pressure distribution at LFM’s inner
boundary. Given the resources available for this
Focused Science Topic, the latter approach is
more tractable and will be pursued in the latter
stages of the project.

3.3 Other Outflows

At least three types of outflows, of varying
degrees of importance during storm periods, are
not included in the modeling efforts described
above. These include: 1) upward flowing ion
beams accelerated by the upward-directed paral-
lel electric fields typically found in “inverted-V”
precipitation regions accompanying large-scale,
upward field-aligned currents; 2) ion conic out-
flows produced in downward-current “pressure
cookers” (Gorney et al., 1985; Lynch et al.,,
2002); and 3) convective entrainment of plas-
maspheric ions and associated development of
plasmaspheric plumes, which occurs in general
when the strength of magnetospheric convection
is on the rise (Grebowsky, 1970; Goldstein,
2006).

Of the three “other” outflows, auroral ion
beams may be the least important during storms
in a relative sense. As an example, data from
FAST orbit 1906 obtained during a substorm ex-
pansion (cf. Fig 4.2 of Paschmann et. al., 2003)
shows an Alfvénic region near the n1ghts1de po-
lar cap, boundary with outflows exceedmg 10"
ions/m*-s, downward Current reglons with out-
flows reachmg about 5x10'"" jons/m*s, and in-
verted-V regions w1th outflows typlcally less
than about 10" ions/m*-s

It is not known in a statistical sense how
much plasmaspheric mass is convectively en-
trained during storms relative to that released
from downward-current pressure cookers or
from ion beams flowing upward from inverted-V
regions. However, plasmaspheric composition is
dominantly H" (Lemaire and Gringauz, 1998),
which may diminish its global impact on the
magnetosphere. Given the statistical results of
Yau and André (1987), Tung et al. (2001), and
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Huddleston et al. (2005), among others, it seems
plausible that the outflows described in the pre-
vious sections encompass the bulk of the iono-
spheric mass, certainly the heavy-ion contribu-
tions, reaching the stormtime magnetotail and
plasmasheet.

At this juncture, we have chosen simply not
to include these “other outflows.” On one hand,
we know so little about the global effects of the
outflows we have chosen to model that any
knowledge derived from those studies is likely to
be significant. Furthermore, when charting new
territory, it seems prudent to proceed systemati-
cally and somewhat incrementally without turn-
ing all simulation “knobs” simultaneously.

4 Global Models

We plan to use the Coupled Magnetosphere-
Ionosphere-Thermosphere (CMIT) model for
geospace as the primary tool for this study. It
provides a framework for modeling the interac-
tions between the solar wind and the magneto-
sphere-ionosphere-thermosphere system. Here
we provide a brief overview of the main modules
that make up CMIT—the Lyon-Fedder-Mobarry
global magnetosphere (LFM) model and Ther-
mosphere Ionosphere Nested Grid (TING)
model. This description highlights features of
the models that are essential to the coupling and
the study of ionospheric outflow. We also
briefly summarize how the models are coupled
to form CMIT and where outflow models may
be added.

4.1 LFM Global Magnetospheric Model

The LFM code solves the ideal equations of
one-fluid magnetohydrodynamics for the interac-
tion between the solar wind and magnetospheric
plasmas (Lyon et al. 2004). The primary compu-
tational technique is explicit, finite volume
MHD. Finite volume techniques for the handling
of hyperbolic systems of equations are much
more robust and accurate than any of the alterna-
tives that have been applied to MHD. The code
uses Adams-Bashforth time marching with a
centered eighth-order spatial differencing. In ad-
dition, non-linear numerical switches based on
the Partial Donor Method (Hain, 1987) are used
to maintain a total variance diminishing (TVD)
solution. Because the field topology in MHD is
so important, special methods have been devel-
oped to fulfill this TVD condition for the system
of equations while still maintaining the zero nu-

merical divergence of the magnetic field.

The finite volume techniques described above
allow LFM to complete the calculation on a nu-
merical grid of nonorthogonal cells adapted to
the magnetospheric problem, i.e. cells that are
smaller across the nominal bow shock than par-
allel to it. This makes it difficult to state a single
value for the numerical resolution. However, in
the inner magnetosphere at low resolution the
typical cell size is approximately 1/8 Rg. The
ideal MHD equations do not include the effects
of resistivity, which means theoretically that re-
connection is not possible. However, the discre-
tization of the equations onto the grid results in a
‘numerical' resistivity which allows reconnection
to occur in regions where oppositely directed
magnetic fields are forced into a single cell.
Fedder et al. (1987; 1995) have shown that the
rate of reconnection in the magnetosphere is
controlled by the solar wind conditions and the
coupling with the ionosphere and not by the cell
sizes in the simulation.

The standalone LFM model includes an iono-
spheric model which is coupled to the magneto-
spheric calculation. A sphere centered on the
Earth is removed from the computational do-
main. The choice of radius of this boundary is
governed by two effects: 1) because the Alfvén
speed rapidly increases with decreasing altitude,
the Courant condition for numerical stability re-
quires the maximum time step to become in-
creasingly smaller when this spherical boundary
is placed closer to the Earth; and 2) alternatively,
with boundary located closer to the Earth, the
computational domain includes a larger extent of
the high-latitude ionosphere because lower L-
shells map to lower latitudes. In our experience,
a sphere of radius 2 Rg provides an excellent bal-
ance between these two constraints. The field-
aligned currents (FAC) flowing at the inner
boundary are mapped quasi-statically along di-
pole field lines to the ionosphere where current
continuity and the ionospheric Ohm’s law are
applied to obtain the familiar two-dimensional
electrostatic relation, V-X-V,® = J|, where X is
the conductivity tensor, @ is the electric poten-
tial in the ionosphere, and Jj is the FAC. The
electric field determined by this relationship is
dipole-mapped to the inner boundary, either ide-
ally or via the Knight current-voltage relation-
ship (Gagne, 2005), for use in the boundary con-
dition on the plasma flow velocity at the inner
grid of the LFM magnetospheric solution.

The ionospheric module includes two sources
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of ionization that regulate the Pedersen and Hall
conductivities represented in X: solar EUV radia-
tion and electron precipitation in the auroral re-
gion. The LFM algorithm includes a series of
empirical models which transform the MHD
sound speed and density into a characteristic en-
ergy, g, and flux, F, of the electrons precipitating
into the ionosphere (Fedder et al. 1995). The
standard LFM ionospheric module converts
these parameters into Pedersen and Hall conduc-
tances using the empirical relationships derived
by Robinson et al. (1987).

Multifluid Extension of LFM

The multifluid LFM code shares similarities
with previous work, but does have some signifi-
cant differences. The only global simulations for
the Earth have been developed by Winglee
(1998a; 1998b; 2004). However, global multi-
fluid studies have also been reported, for exam-
ple, for Mars (Liu et al, 1998) and Titan (Nagy et
al., 2001; Craven et al., 1998). In these latter
cases, each of the species has its own continuity
equation, but a single momentum equation is
solved for the bulk flow. All species therefore
move at the same speed both along and across
the magnetic field. In the Liu and Nagy papers a
single energy equation is used for all the species.
The equations are written in conservative form,
thus allowing easy treatment of shocks. The
Craven et al. (1998) model uses individual pres-
sure equations to keep track of the thermal evo-
Iution of individual species. By contrast,
Winglee has used non-conservative equations for
the primitive variables that allow for individual
species to move relative to one another. In ear-
lier formulations (Winglee, 1998a; 1998b), he
assumes that all the species move with the same
perpendicular velocity, while in a more recent
formulation (Winglee, 2004), he has allowed for
individual species to have different cross field
velocities. The disadvantage of this approach is
that use of the non-conservative equations makes
treatment of discontinuities, such as shocks, rela-
tively difficult.

The multi-fluid LFM builds upon the tech-
niques used in the standard one-fluid LFM
(Lyon, et al., 2004) to provide a multi-fluid code
which is conservative, allows each species to
move under its own force balance, and can han-
dle shocks in individual species. In what follows
quantities without subscripts refer to averages
over the sum of species; individual species are
identified by a Greek subscript. The multifluid

LFM code solves the following equations:

%, +V-p V, =0,
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The first four equations evolve mass continu-
ity, perpendicular and parallel momentum, and
plasma energy, &, = 1/2p(x\/az+Pm/(y—1), for each
species. The final equation is Faraday's Law for
ideal MHD. The equation for the parallel mo-
mentum shows that the ideal motion along a flux
tube is independent of the other species. The
term on the RHS is a phenomenological drag
term, which allows coupling between counter-
streaming ions when their relative motion gives
rise to plasma micro-instabilities. It is similar to
an anomalous resistivity term that is added to the
induction equation in some models. Ignoring
such effects, the ion drag term is set to zero.

The perpendicular momentum equation states
that all the species share the same acceleration in
that direction. This deserves comment. The re-
sult comes from the use of the MHD ordering
(Kulsrud, 1983), ¢ = (Q1)! << 1 and R,/L << 1
where T and L are system time and length scales,
and R, is the Larmor radius. A straightforward
integration over velocity space for the first mo-
ment in the perpendicular direction gives

LEATRINVEY

at a a a,J_+VJ_Pa

- Pl g4y B).
Note that the Lorentz force term is O(1/¢) if the
rest of the equation is of order unity. Thus, E +
VxB = 0 to order ¢ to balance the equation.
This implies Vo, = ExB/B? + ¢V, where VP
is a drift velocity, and ¢ is used simply to indi-
cate ordering. Another consequence is that to the
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lowest order (MHD) the perpendicular velocity
of each species is the same, Vg = ExB/ B%. One
can show that the net effect of the drift term in
the Lorentz force is to cause all the species to
feel the same acceleration in the perpendicular
direction. This acceleration is found by summing
over all the species momenta equations. The
summed equation has a total magnetic force of
JjxB. The current j is then obtained from Am-
pere's Law, eliminating the need to know the in-
dividual drifts.

4.2 TING Model

TING is a high-resolution, three-dimensional,
time-dependent model of the coupled thermo-
sphere-ionosphere system. It is an extension of
the NCAR TIGCM (Roble et al., 1988) used to
study mesoscale processes in this system (Wang
et al, 1999, Wang et al. 2004). The model solves
the coupled equations of mass continuity, mo-
mentum and energy for the neutral species and
O in the thermosphere and ionosphere. Chemi-
cal equilibrium is used to obtain the densities of
the other ion species (NO*, O,", N,*, N¥) and the
electrons. Future extension to include H' is
planned. Details of the model can be found in
Wang et al. (2004) so we will only provide a
brief summary here, concentrating on important
features in the coupling of TING with LFM.

The basic grid for TING is a regular latitude-
longitude grid extending from -87.5° to 87.5°
with 5° steps in latitude and longitude. As the
name implies, TING has the capability for using
nested grids in the latitude and longitude direc-
tions to concentrate resolution in regions of sig-
nificant interest. The vertical grid extends from
97 km to 500 km with 25 constant pressure lev-
els.

The model has four primary inputs; 1) Solar
EUV radiation, parameterized in terms of the
Fi07 flux; 2) auroral particle precipitation char-
acterized in terms of the characteristic energy
and number flux; 3) imposed magnetospheric
electric field at high latitudes; and 4) tides from
the lower atmosphere. In stand-alone operation
these parameters are determined from empirical
models characterized by indices like K, or by the
solar wind conditions (Wang et al. 2001).

Along with many other parameters the TING
model computes the height-integrated conduc-
tances, with the Hall and Pedersen conductivities
calculated from first principles. This calculation
requires determination of the gyro and collision
frequencies for major ion species, O,", O, and

Lecal Time

Fig. 7. F,-peak electron density showing the for-
mation of a polar tongue of ionization in a nested
grid solution from TING (Wang et al., 2005).

NOT, as well as the electrons and neutrals.

Wang et al. (2005) have shown that high-
resolution solutions obtained from TING’s
nested grid approach allow it track small-scale
ionospheric features not seen at low resolution.
Fig. 7 shows the electron densities at the F, peak
during a moderate geomagnetic storm. A tongue
of ionization resulting from strong transpolar ion
convection and enhancement of the mid-latitude
source region driven by the geomagnetic activity
is clearly seen extending through the ionospheric
convection throat.

4.3 CMIT Model and Outflow Extensions

Fig. 8 shows a schematic representation of
the coupling process between the LFM and
TING models to form the CISM CMIT Model
along with extensions to the standard CMIT
model that are part of this proposal. The model
includes three major components. For the pur-
poses of this diagram, the LFM model is limited
to the magnetospheric portion of the simulation
domain. The magnetosphere-ionosphere (MI)
coupler includes the ionospheric portion of the
LFM model and infrastructure for communicat-
ing between the LFM and TING models.

The two magnetospheric inputs to TING,
auroral particle precipitation and the convection
electric field, are provided by the LFM via the
MI coupler module. It uses the MHD parame-
ters along with empirical relationships to deter-
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mine the flux and characteristic energy of the
auroral particle precipitation. The MI coupler
then makes an initial determination of the iono-
spheric electric field and completes the UT de-
pendent transformation of these parameters from
the LEM ionospheric grid to the TING grid. It
waits for the TING model to complete its first-
principles determination of the height-integrated
Hall and Pedersen conductivities. Once the con-
ductivities have been determined the MI coupler
recomputes the electric field and passes it back
to the LFM for use as part of its boundary condi-
tions.

The CMIT model has been constructed using
the CISM coupling framework [Goodrich et al.
2005] which makes it straightforward to add ad-
ditional models to the geospace simulation. As
illustrated in Fig. 8 the core of the CMIT model
includes the LFM and TING models and the MI
coupler. We can replace the one-fluid version of
LFM with the multifluid version by implement-
ing the transfer of MHD information from the
multifluid LFM code via the MI coupler. The
auroral/cusp and polar wind outflow models will
have standings similar to the MI coupler in the
CISM framework. Basically, they will take in-
puts from LFM and TING and apply the physics
of their domains to produce additional boundary-
condition information. It is envisioned that the
auroral/cusp outflow model will acquire Poyn-
ting flux from LFM and combine it with infor-
mation on the source densities of the various
species from TING to compute the distribution
of ion flux flowing into the MHD domain. The
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Fig 8. Coupling schematic for the LFM and TING
models, the CMIT MI coupler, and information
flow through outflow models.

polar wind model will work in a similar fashion
except it will use information about the pressure
distributions in each model to compute the out-
flowing flux of ions. The utilization of the
CISM framework will allow us to quickly
change the physics in an outflow model without
having to significantly modify the core models.

5 Personnel, Institutional Support,
Work Plan and Milestones

PI William Lotko and Co-I Michael Wiltber-
ger (Co-I), together with unfunded Collaborators
John Lyon and Wenbin Wang, are currently en-
gaged in two collaborative projects closely re-
lated to the research described in this proposal.
One project is funded by the NSF Science and
Technology Centers program as the Center for
Integrated Space Weather Modeling (CISM); the
other is funded by a NASA Heliophysics Theory
Program grant to Dartmouth College. Wang and
Wiltberger led the CISM code coupling effort
that produced the CMIT model.

W. Lotko’s responsibilities for this project as
PI include overall direction and coordination of
the research project, related activities, and per-
sonnel including student(s) associated with the
project, and preparation and submission of pub-
lications of research results, and progress and fi-
nal grant reports. The PI is familiar with the
LFM model and code and directed the graduate
research of John Gagne described in Sec. 3.1,
which entailed using the LFM code and modify-
ing its ionospheric boundary conditions. He is
also familiar in general terms with the TING and
CMIT models. The PI will co-develop and co-
implement modifications of the LFM and CMIT
codes to include the new outflow boundary con-
ditions described in this proposal, together with
diagnostics for analyzing and displaying numeri-
cal results derived from the simulation studies.
He will also participate in the comparison simu-
lation and observational results.

Co-I M. Wiltberger’s responsibilities include
co-development and co-implementation of out-
flow models and boundary conditions to simu-
late outflows in the LFM and CMIT models and
related code development, including diagnostics,
as described in the proposal. The Co-I will also
be directly involved with the scientific interpre-
tation and publication of scientific results de-
rived from the project and will contribute to the
development of progress and annual grant re-
ports. The Co-I is one the leading experts in the
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use and continuing development of the LFM and
CMIT models. He will be responsible for inte-
grating the multifluid LFM model into the CMIT
framework.

Collaborator J. Lyon is the principal architect
of the LFM model and its extension to a mul-
tifluid basis. He will provide expert advice on
the use and modifications of the LFM model and
the interpretation of numerical results derived
from it for scientific applications.

Collaborator W. Wang will provide expert
advice on the use and modification of the TING
component of CMIT and the interpretation of
numerical results from the TING and CMIT
models for scientific applications.

The modest funding of salaries proposed in
the budget for the PI and Co-I should not be con-
sidered indicative of the level of commitment to
these studies or to the level of scientific output to
be expected. Indeed a review of the PI’s and Co-
I’s current and pending support statements will
reveal research-in-progress on several closely re-
lated topics. Some flexibility in salary alloca-
tions is desirable. If the research can be ad-
vanced more efficiently by a modest reallocation
of funds part way through the project, adjust-
ments will be made in the support levels of the
various personnel.

This proposal is complementary to, but not
dependent on, a proposal to the same TR&T Fo-
cused Science Topic submitted by Dr. Via-
cheslav G. Merkin of Boston University entitled

Work Plan and Milestones

“Stormtime Magnetospheric Plasma Redistribu-
tion Including Heavy Ion Outflows and Impacts
on Magnetospheric Region.” That project will
also utilize the new multifluid capabilities of the
LFM model. However, whereas this project inte-
grates multifluid LFM capabilities into CMIT in
order to study effects of outflows on MI cou-
pling, Merkin’s proposal will integrate multifluid
LFM with the Rice Convection Model in order
to study the impacts of outflows more specifi-
cally on the magnetospheric region of the sys-
tem. We would expect considerable synergy be-
tween the two projects if both are selected.

Institutional Support

1. Dartmouth will co-sponsor 4.7% FTE for W.
Lotko to pursue project research.

2. NCAR will co-sponsor 2.6% FTE for M.
Wiltberger to pursue project research.

3. Dartmouth will cost-share 50% of the tuition
budgeted for one graduate research assistant.

4. W. Lotko will spend a nine-month sabbatical
in residence at NCAR/HAO collaborating on
project-related research with M. Wiltberger
and W. Wang starting October 1, 2006, with
salary fully covered by Dartmouth.

5. NCAR/HAO will allocate necessary General
Accounting Units from the divisional alloca-
tion to complete high-resolution numerical
studies on NCAR supercomputing facilities.

6. NCAR/HAO can host team meetings for
LWS TR&T FST B at no cost to NASA.

The entries designated T: or S: in the table respectively indicate “Development Task” or “Scientific Study.”

YEAR 1 TASKS & STUDIES

YEAR 1 —» 2,3 TASKS & STUDIES

T: Integrate multifluid LFM in CMIT

T: Implement polar-wind (PW) outflow BCs on LFM

: Parametric studies of empirical outflow models

T: Develop PW prognostic functions from TING

: Develop outflow prognostic functions from TING

S: Ml impacts of polar-wind outflows

: Develop simulation diagnostics to characterize outflows and MI impacts

(s e W)

: Ml impacts of outflows originating in the cusp
and auroral boundary polar-cap regions.

T: Merge empirical and PW outflow BCs

S: Ml impacts of combined outflows

S: lonospheric ion accessibility and population of the magnetosphere

S: Storm influences on outflow rates and distributions

S: Regulation of outflows by solar wind kinetic vs. electromagnetic power (cf. Lennartsson et al., 2004)

T/S: Pursue possible collaborative opportunities with other focused science topic team members
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6 Team Coordinator Proposal

As with any team effort, the expectation for a TR&T Focused Science Topic Team should be that
the work of the team will be greater than a simple sum of independent efforts of constituent mem-
bers. At the same time, member PIs will have prepared proposals without knowing who will be se-
lected for the team, so the opportunities for synergistic collaborations cannot be known a priori and
cannot really be planned, or fully budgeted, at the proposal development stage. Individual PIs have a
responsibility to complete the research they have proposed. Expectations for team participation,
therefore, should not undermine individual project goals nor should they force participants to con-
tribute an unfunded work effort in producing team deliverables.

With these caveats, and given the explicit guidelines for team participation in the TR&T An-
nouncement of Opportunity, it is also expected that individual PIs will be prepared to devote reason-
able effort in defining “a plan for structuring their work into an integrated research program” and in
executing the plan to meet team goals.

If selected to serve as a team coordinator for focused science topic b) Effects of Ionospheric-
Magnetospheric Plasma Redistribution on Storms, my responsibilities would include the following
activities:

1. Schedule, coordinate and develop agendas for two team meetings per year, at least one to be held
at NCAR/HAO, which has offered pro bono facility use for such meetings; a second annual
meeting might be scheduled in conjunction with a regular professional meeting or conference;

2. Work with team members in developing a consensus on the scope of the team effort, including
measures of success and deliverables for the integrated effort. Among various possibilities for de-
liverables I can envision:

a. special sessions devoted to the focused science topic at scientific meetings, with contributed
and invited papers from team members and perhaps also from the larger research community;
b. collaborative efforts among team members to produce new models, tools, or scientific results
that transcend individual efforts; such efforts would almost certainly have to be opportunistic,
and where appropriate, they should be encouraged;

. preparation of a special journal issue reporting scientific results of the team;

. community challenges led by the team to engage the research community more broadly in its
efforts, e.g., in comparing observations and model results — the GEM challenges may serve as
a useful template for this mode; and

e. other concepts that are likely to emerge at team meetings;

3. Explore opportunities for inter-team synergies involving other focused science topics with over-
lapping interests; this activity might be initiated first at the team coordinator level;

4. Serve as lead liaison with the LWS Project Office at NASA’s Goddard Space Flight Center
(GSFC) and LWS Program Office at NASA Headquarters, in monitoring and assisting the pro-
gress of the team. The mode of liaising would need to be negotiated with the program office; and

5. Lead the team effort in developing a final Team Report at the conclusion of the project. This re-
port might take the form listed in 2c above with an appropriate introductory overview describing
the nature, goals and success of the team project.

An effort would be made to schedule the first team meeting as soon as schedules permit after the
selections are announced, but not later than August 31, 2007.

o0
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